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Introduction
Infection by HPV is responsible for the development of cervical squamous intraepithelial lesions (SIL) and cervical carcinoma, as well as for other squamous cell carcinomas in the anogenital and the head and neck area. There is an ongoing quest for biomarkers predicting the eventual progression of HPV related SIL into carcinoma.
Dysregulation of the DNA damage response (DDR) mechanism has been implicated in the pathogenesis of a multitude of malignancies and is currently investigated, in order to identify predictors of disease progression as well as novel therapeutic targets [1] .
Genomic instability is important in the pathogenesis of cervical cancer and it is driven by the integration of DNA from high risk HPV types [1] . The disruption of post-transcriptional regulation of cyclin dependent kinase inhibitors leading to cell senescence and transformation, as well as inactivation of the major tumor suppressor gene p53 are among the crucial events of carcinogenesis [2] . At the molecular level, genomic instability has been associated with the formation of DNA double-strand breaks (DSBs) [1] ; the DDR pathway exerts anti-tumor action by inducing p53-dependent cell cycle arrest, apoptosis and senescence [1] . The activated protein kinase ATM and its downstream target proteins including p53, the histone H2aX and checkpoint kinases play an important role in the DDR process by eliminating cells with damaged DNA early in the carcinogenesis process [1] .
Early protein markers of tumorigenesis and their expression in HPV associated premalignant lesions may lead to better understanding of the pathogenesis of malignancy as well as better and earlier therapeutic interventions. Recently, several markers-including p53, Ki67 and γH2AX among others-have been used to this effect in HPV related tumorigenesis [3] .
Among the key proteins in DNA repair, γH2AX which is the phosphorylated form of the histone protein H2Ax exerts its actions at nascent DSB sites; there, large numbers of the phosphorylated molecule create a focus around the DNA break sites, where accumulation of DNA repair and chromatin remodeling proteins occurs [4] . Thus, γH2AX has been used as a wellrecognized protein biomarker for double-stranded DNA breakage [5] . Due to scarce data concerning γH2AX expression status in cervical SIL and carcinoma, the objective of this study was to investigate this expression, as well as its relation to the HPV type and HPV mRNA presence.
Methods
We examined histologically confirmed cervical squamous intraepithelial lesions (SIL), squamous cell carcinomas (SCC) and adenocarcinomas (AdC) available through a prospective HPV registry operating in the "Attikon" University Hospital and maintained by the Departments of Cytopathology and Pathology of the hospital [6] . Moreover, cases within normal limits were included for comparison purposes. Specifically, control and SIL cases concerned specimens received in a 3-year period, i.e. from January 2010 up until December 2012 included; SCC and AdC samples were retrieved from the totality of the files of the Department of Pathology, i.e. from July 2003 up to December 2015 included. The "Attikon" University Hospital Institutional Ethics Review Board approved the study, in compliance with the Helsinki declaration. Written informed consent was obtained from all participating patients.
For cytology analysis, liquid based cytology (LBC) samples were processed with the ThinPrep1 method as previously described [6] .
HPV DNA detection was performed in ThinPrep1 samples as previously described [7] . Briefly a commercially available kit that identifies and types the 35 most common HPV types (6, 11, 16, 18, 26, 31, 33, HPV mRNA detection was performed in ThinPrep1 samples using a commercially available kit (HPV OncoTect™ E6, E7 mRNA Kit, In Cell Dx, U.S.A.) that utilizes in-situ hybridization for the identification of HPV mRNA of the two oncogenes [8] as previously described [9] . In negative or inadequate samples, a second mRNA detection technique, that uses nucleic acid sequence based amplification (NASBA, NucliSENS Easy Q HPV, Biomerieux, France) was used as previously described [10] . If either of the two mRNA tests were positive, the sample was considered as positive.
Biopsies were obtained by expert gynecologists during colposcopy procedures, as well as from surgical specimens through either conization or hysterectomy. All women with indications consented to this procedure.
Specimens were fixed in a 10% buffered formol solution. All cases were diagnosed by the same qualified (more than 20 years of experience) pathologist, according to the two-tiered Bethesda terminology, in use as of January 2010, for histology reports concerning SILs, in accordance with the relevant AFIP fascicle; the superiority of this system over the previous, three-tiered cervical intraepithelial neoplasia (CIN) has been repeatedly proven with a recent report depicting an inter-observer variability (kappa index) of 0.68 versus 0.46 [11, 12] . Although performed, immunostaining both for Ki67 and p16 were used only as adjunctive, non-confirmatory parameters, given the controversy concerning interpretation of p16 immunostaining in histological sections [13] .
Four μm-thick deparaffinized sections were stained with Hematoxylin and Eosin and immunostained with antibodies against phospho-γH2AX (mouse monoclonal. clone 9F3, ABCAM, 1:2500 dilution) and Ki67 (mouse monoclonal, clone MIB-1, DAKO, 1:100 dilution);.
For γH2AX, slides were immersed in a high pH target retrieval solution [K8004 [DAKO] ), boiled in the PTLink (DAKO) at 97˚C for 20 min and subsequently allowed to cool at room temperature for 20 min, following which immunostaining was performed in the DAKO Autostainer Link 48 using the EnVisionTM detection and visualization kit (K5007 [DAKO]). For Ki67, antigen retrieval pretreatment with BondTM Epitope Retrieval Solution 2 was performed (pH 8.9 at 25oC), following which immunostaining was performed in the automated Leica Bond-Max system.
A light Hematoxylin counterstain was performed for both immunostains. All immunostained slides were simultaneously assessed by two trained (3 years experience) pathologists with comparable experience (MK, ARG), as well as the above mentioned qualified pathologist (IP). For controls and SIL cases, lower (basal) and higher (surface) segments of the squamous epithelium were independently assessed; immunopositive cells had only nuclear staining. In every case, the percentage of immunopositive nuclei in 100 consecutive cells was calculated, both for the lower and higher segments of the epithelium. Since discrimination between lower and higher epithelial segments was not possible in carcinoma cases, the percentage of positive nuclei was calculated for a hundred consecutive cells.
We analyzed cytology data separately and dichotomized it into cytological high grade (i.e. ASC-H, HGSIL, SCC, AdC) and low grade lesions; we then correlated cytological with histological findings. Histological grading was dichotomized for comparison between low grade and high grade squamous intraepithelial lesions ((LGSIL and HGSIL respectively). Demographic parameters between patients according to histological grading and type of virus were performed by analysis of variance (ANOVA) and Kruskal-Wallis or chi-square test as appropriate. Further, patients were characterized as LGSIL harboring high-risk HPV types (LGSIL-HR) vs LGSIL harboring low risk virus (LGSIL-LR) and by whether they had activated or inactivated infection by means of mRNA positivity for one of the two oncoproteins. Correlation between histological grading, high risk vs. low risk virus presence, activated vs. non-activated status and γH2AX expression was performed using chi-square test and ANOVA as appropriate. In order to find whether a statistically significant difference existed in the γH2AX expression between the lower and higher epithelial segments of SILs, independent samples ttesting was performed. SPSS version 22.0 for Windows software (IBM Corp. Released 2013. IBM SPSS Statistics for Windows, Version 22.0. Armonk, NY: IBM Corp.) was used for data analysis. All statistical tests were two-tailed.
Results
In total, 275 cases (cervical biopsies or hysterectomy specimens) were included in the study: 112 LGSIL, 99 HGSIL, 24 SCC, 12 AdC and 28 cervical specimens with no essential lesions (S1 Dataset). The mean age of the 275 subjects studied was 38.7±13.3 years (range 18-81 years). Table 1 Lesions were then categorized as harboring viruses at an activated vs. non activated status, depending on mRNA positivity. Out of 108 negative /inadequate samples with Oncotect, 23 (21.3%) tested positive with NucliSens. Differences were then sought in LGSIL harboring a high-risk HPV type, depending on whether they were identified as non-activated (n = 56) or activated (n = 46). (Tables 2 and 3) . Table 2 depicts γH2AX expression (basal and surface) for the different types of histological lesions. Sections from cervices with no essential lesions had significantly less basal and surface γH2AX expression compared to LGSIL harboring a high risk virus (LGSIL-HR) and HGSIL (Table 2 and Figs 1-3) .
Gradual increase of both basal and surface γH2AX expression was noted up from LGSIL harboring a low risk HPV type (LGSIL-LR) to LGSIL harboring a high risk virus at a non-activated state (LGSIL-HR-non Activated, Figs 1-3) .
Thereafter, both basal and surface γH2AX expression dropped in LGSIL harboring a high risk virus at an activated state (LGSIL-HR-Activated) and in HGSIL (Fig 1) . There was a higher surface γH2AX expression in LGSIL cases with HR HPV infection at a non-activated state (as identified by the mRNA expression) versus LGSIL cases with HR HPV infection at an activated state (p = 0.03, Figs 2 and 3) . Variability in the difference in expression was noted across individual HPV types (Table 3) ; however, this difference remained statistically significant (i.e. increased protein expression in LGSIL cases with HR HPV infection at a non-activated state) Concerning carcinomas γH2AX expression was significantly higher when compared with most of the other histological lesions ( Table 2) .
The distribution of HPV types in LGSIL according to HPV type and mRNA positivity is shown in Table 3 . HPV-16 was more prevalent in LGSIL harboring a high risk type with mRNA positivity (OR 3.3, 95% CI 1.3-7.9, p = 0.01, Table 3 ). 
Table 3. Histologically confirmed low grade cases (LGSIL) where high risk (HR) HPV type infection (LGSIL-HR) was identified.
Comparison between activated (mRNA positive) and non-activated cases (mRNA negative) for 102 subjects. Statistically significant association are flagged with an asterisk. 
Population characteristics LGSIL-HR Non

Discussion
We assessed the expression of the histone 2AX phosphorylated at serine-139 (γH2AX) protein in cervical histological lesions of increasing grade. We found a gradual increase of both basal and surface γH2AX expression up from normal cervices to LGSIL harboring a low risk HPV type, to LGSIL harboring a high risk virus at a non-activated state. Thereafter, both basal and surface γH2AX expression dropped in LGSIL harboring a high risk virus at an activated state and in HGSIL. Moreover, there was a higher surface γH2AX expression in LGSIL cases with HR HPV infection at a non-activated state (as identified by the mRNA expression) versus
LGSIL cases with HR HPV infection at an activated state. Complex chromosomal changes and DNA damage are observed in high-risk HPV-associated malignancies [14] . Endogenous DNA damage can be caused by various stressors [15] and aberrant expression of DNA repair enzymes can cause persistence of damaged DNA and oncogenesis [15] . The regulation of the viral late phase that depends on the differentiation of the epithelial cell of the host, is provided by maintaining the competence of the cell cycle in suprabasal cells and the activation of the Ataxia-Telangiectasia Mutated (ATM) DNA damage response [16] . In contrast to migrating from the basal layer normal cells, that exit the cell cycle upon differentiation, HPV infected basal cells remain active and re-enter the S/G2 phase in suprabasal layers to replicate both viral and cellular genomes in a process called amplification [16] .
We attempted to evaluate DNA damage by investigating the presence of cells with nuclei exhibiting positive immunostaining for γH2AX. The histone variant H2AX is an important factor in preserving genome integrity in the mammalian genome [17] . Phosphorylation of γH2AX is an acute physiologic response to double strand breaks (DSBs) of the DNA leading to structural alterations at the damaged site; DNA repair proteins are recruited to these sites [17] . γH2AX has a major role in cellular responses to HPV infection that originate from an ATMdependent DNA damage response pathway that is important for the amplification of the virus in differentiating cells [18] . Several in vitro and in vivo [19] studies have established the role of complex feedback loops (summarized in Fig 4) involving E7 HPV oncoproteins [14] and cellular proteins involved in the DNA repair pathways such as the ATM pathway [20, 21] , CHK2/ CDC25 and NBS1/SMC1 [20] , p53/p21 [22] , DNA-PK [23] , MDC1 [24] , the MRN complex (MRE11-RAD50-NBS1) that directly and/or indirectly interact with γH2AX [24, 25] . The generation of a positive feedback loop from these processes drives further phosphorylation of H2AX away from the DNA damage site.
It has been suggested that H2AX has both structural and functional roles in chromatin decondensation and the repair process nearby the DSB [26, 27] . Its absence has been associated with genomic instability as well as rapid oncogenicity (in conjuction with p53 deficiency) γH2Ax Expression in Cervical SIL in animal experiments [28] [29] . Nevertheless, recent data suggest that the histone variant H2AX has additional roles in numerous biological processes beyond the canonical DNA DSB response, including some of the phases of cell division, the biology of the stem cell and aging [30] . It is likely that induced or naturally occurring DSBs act as the inciting event in H2AX phosphorylation; afterwards H2AX may affect other biological functions not always related to the DNA DSB response [30] . The type of biological function promoted depends on the specific cell type, the context within chromatin remodeling occurs as well as the presence of other remodeling complexes [30] . Thus, the role of γH2AX as a biomarker for certain cellular responses (including response to HPV) and its effects on biologic functions need to be further elucidated.
Histone phosphorylation produces foci that can be microscopically observed after specific antibody labeling [31, 32] . This ability to use γH2AX foci to locate a DSB has enabled a better evaluation of DNA damage (even at low levels) along with repair and response mechanisms in an effort to develop novel predictive assays for the response to cellular injury.
Based on the above data, we attempted to evaluate the presence of DNA damage by quantifying the percentage of γH2AX immunopositive cells, as a surrogate marker for DNA DSBs, as well as to determine whether γH2AX can be used as a biomarker to identify early HPV lesions with high-risk oncogenic potential.
Our data suggest that there is a different expression of the γH2AX between the basal and surface components in SILs of increasing severity. After an initial increase, potentially corresponding to a γH2AX response to inciting cellular events, a decreased expression occurs in LGSIL harboring a high risk HPV type (LGSIL-HR) at an activated state. The observed decrease of γH2AX expression between LGSIL and HGSIL could be attributed to a significantly advanced extent of DNA damage in HGSIL compared to LGSIL, possibly no longer amenable to repair mechanisms, hence a trend towards a lower expression of this protein; the expression range across HGSIL lesions could be attributed both to the extent of the lesion (most biopsies harboring limited areas of HGSIL) as well as to other factors promoting H2AX phosphorylation (vide infra). The same hypothesis could also account for the lower expression of γH2AX in LGSIL cases associated with an activated HPV (LGSIL-HR activated) compared to those associated with a non-activated state (LGSIL-HR non-activated).
Although an increased expression of γH2AX was noted in in squamous cell carcinomas and adenocarcinomas compared to LGSIL we cannot use this finding for differentiation between them since there is a significant difference in structure between these lesions. More specifically, whereas in LGSIL, which is an intraepithelial lesion, it is possible to delineate a basal and a superficial half of the epithelium, this is no longer the case for SCC or AdC due to the disordered invasive growth. Therefore, a comparison of γΗ2ΑΧ in basal and superficial parts of the epithelium between various intraepithelial lesions, such as the one we performed in our work, is no longer possible for carcinomas. The fact that the protein expression was significantly higher in carcinomas comparing to other histological lesions reflects, in all probability, the multiple DNA damage events involved in this advanced stage of carcinogenesis.
Our study is limited by the small number of observations for validating a novel biomarker. Due to the lack of pilot data, power calculations could not be performed. Therefore, we chose to include consecutive samples received over a defined 3 year period, apart from carcinomas, where due to their rarity, all relevant samples from the archives of the Department of Pathology were retrieved. Data presented can be used for power calculations in future studies. Nevertheless, the inclusion of a high number of HGSIL, as well as the combination of two methods ensuring both broad range and high sensitivity of mRNA overexpression, adds power to this study. Furthermore, our results were corroborated when examining lesions associated with the most important high-risk HPV types, such as HPV- 16, 18, 31, 33 and HPV-45 as a group. Nevertheless, future studies will be necessary for further verification of these findings and evaluation of potential concomitant confounders.
We believe that the findings of our study are secondary to HPV infection and not due to differences in apoptosis or other regulators of γH2AX. Although γH2AX has been also reported to be induced during apoptotic DNA fragmentation, histological signs of apoptosis, such as nuclear condensation and fragmentation, were not seen in γH2AX positive foci, their absence suggesting that these foci represent cells that have acquired DNA damage.
In conclusion, understanding of the mechanism by which repair enzymes contribute to HPV genome amplification may provide further insight in the HPV related DNA damage response that may be involved in the development of malignancy [33] . Overall, our study identifies γH2AX as a potential diagnostic marker discriminating between LGSIL and HGSIL, as well as for the identification of LGSIL harboring high risk HPV at an activated state. Verification of this data in larger population samples may contribute to the evidence-based use of this biomarker in daily clinical practice. 
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